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Among various nano/micro-fabrication techniques, multiphoton absorption 
polymerization (MAP) stands out for its high resolution and its capability of creating 
arbitrary three-dimensional micro-structures. This thesis will focus on the 
applications of, and improvements to, MAP.  
MAP was used to fabricate polymer double-ring resonators (DRRs) because 
MAP’s high resolution allows for precise control of the coupling gap sizes. Pedestal 
acrylic DRRs with 33 nm free spectral range and -15 dB isolation were fabricated, 
and their properties showed qualitative agreement with simulation results. 
Single-mode, acrylic microring resonator devices were fabricated on a low-
index substrate using MAP and were coupled to side-polished fibers as in-line 
devices.  High-finesse spectral notches with low insertion loss were observed at the 
 
 
fiber output.  Surface mapping of the polished face of the fiber was accomplished by 
moving a microring resonator device across and along the fiber core.  The optimal 
coupling region on the polished face of the fiber could be identified through the 
change of modulation depth.  Spectral modulation induced by varying the pressure on 
a microring resonator device coupled to a side-polished fiber was also investigated. 
Efficient multiphoton radical generation chemistry has been developed for use 
in aqueous media and has been applied to the fabrication, manipulation, and assembly 
of 3-D polymeric and biomolecular structures through a combination of MAP and 
optical tweezers. The combination of MAP and optical tweezers allows for the 
realization of structures such as tape-like and rope-like microthreads that can be used 
in complex microfabrication techniques such as microbraiding and microweaving.  
These capabilities enhance the toolbox of methods available for the creation of 
functional microstructures in aqueous media. 
MAP-fabricated and UV-cured acrylic patterns were treated with reactive ion 
etching (RIE) to create high-roughness “nanograsses.” The nanograss patterns have 
shown the potential to be used as superhydrophobic materials. The density and 
dimension of the nanograss depends on the total exposure dose. Different etch angles 
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Recently, nano- and micro- sized structures and materials have drawn 
significant attention. Owing to their unique characteristics they have been used for a 
variety of applications [1]. For instance, due to the large surface area of nano 
structures, solar-cell devices composed of nano-structured thin films provide much 
higher efficiency of light capture and electron-hole separation and transport than do 
bulk materials [1]. Similarly, microfluidic devices that consist of multiple channels 
printed on a single piece of paper can be used for field diagnostics [2]. These devices 
provide the opportunity to perform diverse analysis on a single drop of analyte. 
Another important application of micro-fabrication is in electrical and optical on-chip 
microarrays [3], which enable the creation of thinner and lighter electronic devices. In 
micro-fabrication processes, many micro-sized functional units can be put on a single 
chip, leading to reduced usage of materials and lower cost. 
The advantages of nano/micro structures have raised the demand for better 
fabrication techniques that can provide higher resolution, easier fabrication, and mass 
production. In this chapter, I will briefly discuss several conventional micro-
fabrication techniques along with their advantages and drawbacks. Later, I will 
highlight multiphoton absorption polymerization, a nontraditional lithographic 
technique that enables fabrication of improved micro devices.  
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The micro-fabrication methods can be divided into two different classes: 
parallel and sequential writing. In the following, I will discuss each in turn. 
 
1.2 Parallel methods 
Parallel writing allows an entire pattern to be made simultaneously in a single 
step, such as with ultraviolet (UV) exposure. Normally, a mask containing the feature 
information needs to be designed and fabricated in advance, and then is used for the 
parallel writing process. Parallel writing is fast, as the whole structure can be obtained 
in a single step. However, it requires a mask for each individual design, and its 
resolution is limited by diffraction. Moreover, parallel writing is not suitable for 
creating complicated three-dimensional (3D) designs, such as those with regions of 
different heights or featuring a spherical wall. Here I give a brief introduction to some 
common parallel writing methods, such as contact, proximity and projection 
lithography, X-ray lithography, extreme UV lithography, electron projection 
lithography, and ion projection lithography. Among these techniques, contact, 
proximity and projection optical lithography are the most well-known methods that 
use electromagnetic radiation.  
 
1.2.1 Contact lithography 
Contact lithography [4] requires intimate contact between a photoresist [5] and 
the chrome side of a mask, as shown in Figure 1.1(a). Ideally, no gap exists at the 
interface, and diffraction effects are significantly reduced, allowing sub-micron 
resolution to be achieved. However, having no gap places extremely high demands on 
the treatment and cleanliness of the sample, as any debris in the interface can cause 
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serious damage to the sample and the mask, leave defects in the pattern, and reduce 
the resolution. If either the mask or photoresist is not perfectly planar, it is impossible 
to achieve intimate contact over the entire substrate. Moreover, there is no feature size 
reduction realized in this technique, as the photoresist receives a 1:1 copy of the mask 
pattern. 
 
1.2.2 Proximity lithography 
As illustrated in Figure 1.1(b), proximity lithography is similar to contact 
lithography except that the photoresist and the mask are separated by a distance of 10-
30 microns. The defects caused by the debris in the physical contact step are reduced 
with this micro gap, while the resolution decreases to 2-4 µm due to near-field 
diffraction (Fresnel diffraction) [6]. The aligner used to set the accurate gap adds extra 
complexity and cost to the method as well. The mask and the fabricated pattern are in 
a 1:1 dimensional ratio, so there is no image reduction. 
 
1.2.3 Projection lithography 
Figure 1.1(c) shows a diagram of the basic setup for projection lithography, in 
which the mask is held far away from the photoresist and its image is projected onto 
the resist by lenses. Limited by the Fraunhofer diffraction [7], projection lithography 
may reach a resolution of around 100 nm with correction techniques. The step-repeat 
projection [8] approach uses the whole pattern on the mask and projects it onto a 
small area of the substrate. The substrate is then moved to allow a neighboring area to 
be exposed. Overall, projection lithography significantly decreases the number of 
defects and improves the yield rate, but it requires an expensive system and has 




Figure 1.1. Diagrams of the basic experimental setups for (a) contact lithography, (b) 
proximity lithography and (c) projection lithography 
 
1.2.4 Extreme UV lithography and X-ray lithography 
Extreme ultraviolet (EUV) lithography uses radiation with a wavelength of 10-
15 nm. To date, EUV lithography has attained resolution as fine as 20 nm [9]. The 
disadvantage of EUV lithography is that the fabrication system is expensive and EUV 
radiation is strongly absorbed by all materials. X-ray lithography is analogous to EUV 
lithography but uses even shorter wavelengths (0.5 – 2 nm), leading to diffraction-
limited structures with higher resolution [10]. However, EUV and X-rays are also 
difficult to manipulate and require a large amount of power to generate. Moreover, the 
huge investment required and the poor transparency of most materials prevented EUV 





1.2.5 Electron projection lithography and ion projection lithography 
In addition to electromagnetic radiation, beams composed of particles such as 
electrons or ions can also be used to fabricate nano/micro-structures. Electrons have 
short de Broglie wavelengths, and resolution finer than 30 nm has been achieved in 
the electron projection lithography, in which a pre-designed mask is required. 
However, space-charge effects and heating of the mask still challenge mask 
manufacturing for electron projection [11]. Ion projection lithography similarly offers 
a short particle de Broglie wavelength with negligible diffraction. Ion projection mask 
systems still face the problems of erosion, heating and distortion [12]. 
 
1.3 Serial methods 
Unlike parallel writing, serial writing produces nano/micro-patterns on a point 
by point basis, similar to handwriting. This stepwise method is slower, since each 
individual point in the pattern requires a single exposure. The beam needs to be 
moved along the entire pattern to create the whole structure. The fabrication of 
complicated 3D structures with high resolution can benefit from serial writing, and 
the cost can be reduced as no mask is needed. Electron beam (e-beam) lithography, 
focused ion beam (FIB) lithography, atomic force microscopy (AFM) lithography, 
nano imprinting and multiphoton absorption polymerization (MAP) are the serial 
methods that I will discuss here. 
 
1.3.1 Electron-beam lithography 
 E-beam lithography makes use of the short de Broglie wavelength of 
electrons to provide high resolution (< 10 nm). It writes the nano/micro-pattern in a 
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stepwise manner without use of a mask [13]. Electron backscattering and proximity 
effects must be taken into account, and the low throughput of e-beam lithography 
makes it unpractical for large-area patterning. Furthermore, the complicated e-beam 
system is expensive. 
 
1.3.2 Focused ion beam lithography 
 Compared with an electron beam, a focused ion beam is subject to much less 
scattering and is also suitable for writing on metal. The strong absorption of ions on 
the resist decreases resolution and the strong interaction between the ions and the 
material makes FIB lithography a better tool for etching than for fabrication [14]. 
 
1.3.3 Atomic force microscopy (AFM) lithography 
 A wide range of materials, such as polymers, biomolecules, metals and 
semiconductors, are suitable for AFM lithography. Since AFM itself possesses 
excellent characterization capabilities, nano/micro-structures fabricated in AFM 
lithography can be charaterized in situ. Still, a number of challenges need to be solved 
for this method, such as the incomplete understanding of its complex physico-
chemical mechanism, its sensitivity to the environmental fluctuations and 
manipulation, and its low throughput [15]. 
 
1.3.4 Nano-imprint lithography 
In nano-imprint lithography [16], a stamp with the desired pattern is pressed 
onto a resist film on a solid substrate above the glass transition temperature of the 
polymer. The simplicity of nano-imprint lithography and its ability to print functional 
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materials have drawn much attention, but its drawbacks, such as the requirement of a 
pre-fabricated mask, low throughput, overlay and defects, raise many concerns. 
 
1.4 Multiphoton absorption polymerization 
1.4.1 Fundamentals of MAP 
Multiphoton absorption polymerization (MAP) is a micro-fabrication 
technique that can create structures with arbitrary 3-D geometries on a point-by-point 
basis. MAP is the primary method of fabrication discussed throughout my thesis. 
MAP was first reported as a fabrication tool in 1997 by Kawata [17]. 
Multiphoton absorption, the fundamental concept behind MAP, was first predicted 45 
years ago [18]. The multiphoton absorption process involves the simultaneous 
absorption of n photons, the total energy of which is equal to the transition energy 
from the ground electronic state to an excited electronic state of a molecule. The most 
popular implementation of this method is degenerate two-photon absorption (2PA) 
which involves two photons with the same energy. To realize 2PA, the two photons 
must arrive at the targeted molecule at the same time. The probability for excitation is 
therefore proportional to the square of the light intensity, so the absorption is localized 
in the focal region if a focused laser is used for excitation (Figure 1.2) [19]. On the 
other hand, with one-photon excitation, absorption generally occurs throughout the 





Figure 1.2. Fluorescence in a rhodamine B solution excited by single-photon 
excitation from a UV lamp (left) and by TPA of a mode-locked Ti:Sapphire laser 
tuned to 800 nm (right) [19]. 
 
The selection rule for the two-photon absorption process is different from that 
for one-photon absorption in symmetric molecules. In centrosymmetric molecules, for 
one-photon absorption, allowed transitions require opposite parity between an initial 
state and final state [28] (from a gerade (g) state  to an ungerade (u) state, or vice 
versa). In the case of two-photon absorption, one photon is absorbed to excite the 
molecule from its ground state to a virtual intermediate state (which must have the 
same symmetry as a real state) and a second photon is absorbed immediately after to 
enable the transition to a higher excited electronic state. Thus, two-photon absorption 
is only allowed between two states that have the same parity [28] (g → g or u → u). 
In centrosymmetric molecules, the one-photon-allowed transitions from a given state 
occur to different states than do the two-photo-allowed transitions.  For molecules 




The process of MAP applies 2PA in a prepolymer resin to fabricate complex 
structures. By focusing an ultrafast laser beam in the resin, polymerization can be 
limited to the focal point to create a solid region called a voxel. Voxels are the basic 
building blocks that are used to build complex 3-D structures by accurate positioning 
and patterning. Upon polymerization of a particular region of the prepolymer resin, 
the change of refractive index usually allows real-time monitoring of the fabrication 
process. Examples of 3D structures created with MAP are shown in Figure 1.3 [20]. 
 
Figure 1.3. (a) A complex set of microchannels fabricated in polydimethylsiloxane (b) 
a microrotor [26] and (c) a spiral photonic crystal created from SU-8 [20]. 
 
Compared with projection lithography, EUV lithography and e-beam writing, 
MAP can be performed with a simple setup and is relatively inexpensive. Unlike 
electron and ion projection lithography, MAP is a mask-free process. For arbitrary 3-
D structure fabrication, MAP offers advantages over traditional fabrication methods 
such as X-ray lithography (LIGA), soft lithography, self-assembly and holographic 
fabrication. These other techniques are usually based on layer-by-layer technology, 
and it is difficult to create non-periodic, arbitrary 3-D structures. On the other hand, 
MAP can write any desired 3-D structures on a substrate. Moreover, the MAP process 
is not sensitive to environmental conditions compared to AFM lithography, and thus 




resolution is related to the laser beam intensity, the composition of the photoresist, the 
objective lens and the fabrication velocity. 100-nm resolution can be easily attained in 
MAP. Recent work in our group has demonstrated that MAP resolution of 40 nm 
using a technique called resolution augmentation through photo-induced deactivation 
(RAPID) [21].   
 
1.4.2 Experimental setup of MAP 
 
Figure 1.4. Schematic diagram of the sample setup and the laser beam path. For MAP, 
800-nm, 150-fs laser pulses are sent into an inverted microscope after passing through 
a Faraday isolator and other optics. The laser is focused into the sample using a 100, 
oil-immersion objective. The movement of the sample stage is controlled by a 
LabVIEW (National Instruments) program and fabrication is monitored using a CCD 
camera. 
 
Our tunable excitation source is a Ti:Sapphire oscillator (Coherent Mira 900-
F) that produces 150-fs pulses. A Faraday isolator is used to prevent back reflections 
or other radiation from entering the cavity, in order to protect the oscillator. The laser 
intensity is controlled by sending the beam through a polarizer after a half-wave plate. 
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The beam is then focused inside the sample by a 100, 1.45 NA, oil-immersion 
objective. The sample is mounted on a piezoelectric stage on an inverted microscope. 
The stage movement is controlled by the LabVIEW program. The movement of the 
sample relative to the laser beam creates patterns inside the sample. The fabrication of 
a pre-designed pattern can be monitored in real time using a CCD camera. Different 
sample preparation methods, which vary based on the requirements of the specific 
applications, will be discussed in later chapters. 
 
1.5 The improvements and applications of MAP 
1.5.1 High-speed MAP and fabrication of microfluidic devices 
Like any other method, MAP has its own shortcomings. One issue with MAP 
that needs to be addressed is the fabrication speed. Due to the typical fabrication 
speed (10-20 μm/s), MAP is only suitable for fabricating structures over distances of 
up to hundreds of micrometers. To extend MAP’s application to large-scale devices, 
previous work from our group has reported high-speed MAP, which has been used to 
fabricate the master structures of large-area microfluidic devices [22].  
As shown in Figure 1.5(a), a mold of the master structure is composed of two 
channels with different cross sections, the “V” shape channel in Figure 1.5(b) and the 
rectangular channel with large aspect ratio in Figure 1.5(c). Centimeter-scale 
microfluidic devices with arbitrary cross sections can be realized using MAP and 







Figure 1.5 (a) An optical image of the PDMS mold of the master structure for a 
microfluidic device. The inset shows a scanning electron micrograph (SEM) of the 
intersection region of the walls (the scale bar is 100 μm). (b) and (c) Optical images of 
cross-sections of the two different channels in this device; the scale bars are each 50 
μm. [22] 
 
1.5.2 MAP and MA-μTM 
To further improve MAP’s throughput, molding  has been employed. If MAP 
is only used to fabricate a master structure that can be replicated using another 
lithographic method, such as nano-imprinting, the throughput can be dramatically 
improved. A major advantage of MAP is its ability to build up complicated 3D 
structures that can contain closed loops. Traditional molding processes are not capable 
of single-step replication of closed-loop designs except by a layer-by-layer approach. 
Thus, the membrane-assisted microtransfer molding (MA-μTM) method was created 
[23]. As illustrated in Figure 1.6, in the molding step, a thin membrane inside the 
closed loop creates an opening in the mold that can easily be released from the replica 
without damage to the closed loop. MA-μTM can solve the topological restrictions 





Figure 1.6. Replication of a master structure that has a closed loop. (a) Schematic 
diagram of a master structure for the creation of an arch. The blue plane is the 
membrane. (b) Procedure for MA-μTM of an arch. The master structure of an arch 
made using MAP is immersed in PDMS. After curing, the mold is peeled off of the 
substrate. The mold is filled with a molding material and pressed against a substrate. 
After curing of the molding material, the mold is removed, leaving a daughter arch 
without the membrane. (c) SEM of a master structure for an arch. (d) The 
corresponding daughter structure. (The scale bars are 10 μm.) [23] 
 
1.5.3 MAP-fabricated microring resonators 
High quality polymeric microring resonator fabrication using MAP was also 
demonstrated in previous work from our group [24]. The properties and applications 
of resonators will be discussed in Chapter 2. In Figure 1.7, acrylic micro-sized 
resonators fabricated in this manner show extinction of up to -22 dB with a finesse 
(the ratio of separation between neighboring resonances to the width of transmission 
band pass) as high as 15. However, the free spectral range (FSR) (the separation 
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between neighboring resonances) still requires improvement. Two approaches, using 
a smaller radius of curvature and creating serial coupled resonators, come to mind. 
Decreasing the radius introduces considerable bending loss, however. Serial coupled 
resonators have been investigated and have proven to provide a FSR as wide as 33 nm. 
The details will be given in Chapter 2. 
 
Figure 1.7. (a) SEM image of a set of “IOU” microring resonator structures with 
different ring designs on top of a PDMS ridge. (b) Experimental through-port 
spectrum (symbols) and fit (line) for a device with a 50 μm radius of curvature and a 
10 μm coupling region. [24] 
 
When these on-chip devices are integrated with fibers, 2-3 dB insertion loss 
will be introduced at each junction between a fiber and a waveguide. To reduce this 
insertion loss, resonator-based, in-line, side-polished fiber (SPF) devices were 
designed and created. These devices were further used to map the polished surface of 







1.5.4 MAP-fabricated movable structures 
In addition to stationary microstructures, movable devices such as microrotors 
(Figure 1.8) [25] and micropumps [26] have been created using MAP. These devices 
can be optically driven or manipulated in an aqueous environment. In this two-step 
method, it is necessary to wash away the resin after fabrication and then to fill the 
system with water for manipulation, because most of the resins are too viscous to 
carry out optical manipulation. Moreover, in most cases the movable parts are 
installed in a microfluidic device or used in a bio-compatible system. Therefore, the 
hydrophobic and toxic resin needs to be removed in advance. However, adhesion 
often occurs in this solvent-change process, causing the microstructures to fail to 
function. To simplify the procedure and prevent stiction, an aqueous photoresist 
suitable for MAP was developed and used to fabricate patterns composed of acrylic 
polymers or biomaterials, such as bovine serum albumin (BSA). Through the 
combination of MAP and optical tweezers (OTs), we successfully realized the 
fabrication and manipulation in one pot without changing the solvent [27]. 
Complicated microstructures containing glass beads, which are difficult to realize 
using traditional fabrication methods, were also created using MAP and OTs, as 




Figure 1.8. (a) SEM image of a microturbine fabricated by 3-D direct laser writing; (b) 
Sequential optical micrographs of a rotating microturbine observed at time intervals 
of one second. A wing of the microturbine, marked with an arrow in each photo, was 
optically trapped and rotated clockwise by the circular scanning of a focused laser 
beam. [26] 
 
In Chapter 5, I will discuss how to achieve nanograss-like features on MAP-
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2.1.1 Microring resonators 
Since 1980, optical communication systems have been deployed worldwide. 
The change from electronic to optical networks has been driven by the numerous 
advantages of optical hardware, such as high bandwidth, low signal attenuation and 
ultra-low crosstalk. However, the implementation of all-optical systems, which would 
allow even higher bandwidths and processing speeds than current systems, has been 
prevented by the lack of the optical components (e.g., routers and filters) necessary 
for such an advanced network. Recently, microring resonators have been shown to be 
promising candidates for various elements of photonic systems such as filters, 
switches, and spectroscopic devices [1-4]. In addition, these resonators have also been 
used in biochemical/mechanical sensors and light-matter coupling [5-6]. 
In 1971, Weber and Ulrich [7] demonstrated the first optical ring resonator. 
Over the next 20 years, many research groups have further explored the field of 
optical resonators. Improvements included expanding to ring resonators with different 
materials such as polymers [8-9], semiconductors [10-11], and doped/undoped silica-
based glasses [12-15]. However, the sizes of the resonators mentioned above were too 
large (in millimeters or greater) to be appropriate for all-optical signal processing 
systems or lab-on-a-chip designs. Moreover, the dimensions of resonators should be 
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on the order of the wavelength of interest to achieve reasonable finesse (see section 
2.2.2) and quality for modern optical communications systems [16]. To use 
wavelengths on the order of micrometers, there has been an increased interest in the 
field of microresonators. Polymer-based microresonators [17], planar disc ring 
resonators [18], microtoroids [19], and fiber microring resonators [4, 20] (shown in 
Figure 2.1) are representative examples of microresonators. 
 
Figure 2.1. Examples of microresonators. (a) Polymer-based resonators,
 
(b) planar 
disc ring resonators, (c) microtoroid and (d) fiber microring resonators. [17-20] 
 
2.1.2 Double-ring resonators 
Multiple resonators or cascaded resonators are often designed to achieve 
desired performance, such as for multiplexed or high-sensitivity sensors [21], multi-
bit delay lines [22], slow-wave devices, and band filters [23]. Based on the Vernier 
effect [24], double-ring resonators (DRRs) can be used to increase free spectral range 
(FSR) for applications in filters [25], lasers [26], modulators and dense wavelength 
division multiplexing (DWDM) [27]. As shown in Figure 2.2, DRRs have a simple 







Figure 2.2 (a) Configuration of an integrated, optical double-ring resonator. (b) 
Measured optical frequency response of a double-ring resonator module [28].  
 
To achieve a high rejection between the pass band and stop bands (see section 
2.2.3), appropriate parameters, and especially the coupling coefficients of the 
directional couplers, should be designed and fabricated with precision [15]. The 
fabrication tolerance of traditional lithography makes it difficult to realize nanometric 
precision for both the radius and the gap size of microring resonators independently 
without thermo-optical or electro-optical frequency tuning [29]. Here, multiphoton 
absorption polymerization (MAP) is used for the one-step fabrication of passive, 
acrylic DRRs with large FSR and high quality. Moreover, the fabrication of DRRs 
using MAP is rapid, simple, and amenable to a wide variety of designs. 
In this chapter, I discuss the fundamental principles of single and double-ring 
resonators. Fabrication of single-mode DRRs using MAP and subsequent 
characterization are demonstrated. The design of waveguides with a pedestal cross-
section and thermal reflow of these devices are also discussed as means of improving 




2.2 Fundamentals of microring resonators 
2.2.1 Definitions 
A waveguide, which has a higher refractive index than the materials that 
surround it, guides light via total internal reflection [31]. Field distributions that do 
not change during propagation are called waveguide modes. A large refractive index 
contrast between a waveguide and its surroundings gives better mode confinement 
and may allow higher-order modes to exist. On the other hand, the number of modes 
decreases when the refractive index contrast or the waveguide dimensions are reduced.  
Optical, single-mode fibers are one good example of a single-mode waveguide 
operating with a core size of about 10 micrometers.  
 
Figure 2.3. Schematic of a waveguide coupler. The device consists of two waveguides, 
#1 and #2. The orange arrows indicate the direction of the radiation propagation 
inside and between the waveguides. 
 
If two waveguides are brought close enough to one another, power exchange 
will occur between their optical modes. This process is known as mode coupling [32]. 
As shown in Figure 2.3, when two waveguides with the same cross section and same 
refractive index are coupled to each other, mode exchange takes place between them. 
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Given a coupler that is lossless and symmetric, the electric fields of the incident and 
transmitted waves satisfy the transfer-matrix equation [35] 
[
   
   
]  [
  
     
] [
   
   
],                                           (2.1) 
where the κ and τ are coupling and transmission coefficients, respectively. Asterisks 
denote a complex conjugate. When the phase-matching condition is met, τ and κ are 
equal to their complex conjugates. For a lossless and symmetric coupler, we have 
| |  | |   .                                                 (2.2) 
 
2.2.2 Microring resonators [8, 29] 
Figure 2.4 is a schematic of a microring resonator. Multiple wavelengths of 
light can be introduced at the input of the upper straight waveguide (the “bus”). 
Radiation with wavelengths λi that satisfy the resonance condition will be coupled 
strongly into the resonator. The coupling of all the other wavelengths will be 
suppressed. Theoretically, only the resonant wavelengths should be detected at the 
drop port terminal, and the remaining wavelengths will be detected at the through port. 
The resonance condition is satisfied when an integer multiple of wavelength λi equals 
to the total optical length of the resonator. This condition is written as 
         ,                                                       (2.3) 
where neff is the effective index of the microring, L is the total round-trip length of the 





Figure 2.4. Schematic of a single microring resonator. 
 
Ignoring the coupling between the microring resonator and the straight 
waveguide, after one round trip inside the ring, E4 and E1 in Figure 2.4 satisfy the 
equation 
      
    ,                                                (2.4) 
where j is the imaginary unit and α is the round-trip transmission coefficient of the 
ring; if the ring is lossless, α = 1. The phase difference is θ = ωL/c, c is the phase 
velocity of the ring mode (c = c0/neff) and the fixed angular frequency ω = kc0, where 
c0 refers to the speed of light in vacuum. The vacuum wavenumber k is 2π/λ. The 
circumference of the microring is L = 2πR, where R is the radius of the ring measured 
from the center of the ring to the center of the waveguide. By using the vacuum 
wavenumber, the effective refractive index neff can be introduced into the ring-





    
 
          
       
 
.                          (2.5) 
If there is coupling between the resonator and the buses, we need to consider 
the half round trip of the radiation inside the resonator instead of an entire round trip, 
and we obtain 
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    .                                           (2.7) 
As illustrated in Figure 2.4, there are two couplers that can have different coupling 
coefficients. Let us assume that the couplers are lossless and symmetric. According to 
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To simplify the calculation, we assume that there is no incident radiation at the add 
port. Thus, 
    .                                                       (2.10) 
We can then combine equations (2.6)-(2.10) to obtain an expression for the electric 
field at the through and drop ports as 
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and 
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  ,                                      (2.12) 
The respectively corresponding intensities are given by |E|
2
. 
We now discuss some important parameters that are often used to evaluate the 
performance of the resonators. Free spectral range (FSR) is defined as the separation 
between neighboring resonance frequencies. This separation is given by 
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 .                                            (2.13) 
Because FSR is inversely proportional to the size of the microring resonator, smaller 
resonators give higher FSRs. Similarly, a smaller refractive index yields a larger FSR. 
When the resonator has a larger FSR, the resonances are more separated. 
The finesse, F, is an important indicator of the resolution of a resonator. F is 
defined as the ratio of the FSR to the width of transmission band pass (see Figure 2.5). 
The finesse is given by 
  
   
    
 
  
      
.                                           (2.14) 
Here,  λFWHM is the full width at half maximum of the resonance peak. Sharp 
resonance peaks and a large FSR work together to give a high finesse.  
The finesse of a resonant cavity is related to another significant characteristic, 
the quality factor Q. Q is a measure of the energy storage capability of a resonator. Q 
is defined as the ratio of the wavelength to  λFWHM: 
  
 
      
.                                           (2.15) 
Shown in Figure 2.5 are two drop-port spectra that have the same FSR but 
different finesses. The larger finesse (red) gives sharper peaks with better separation. 
F is dependent on both the internal loss coefficient α and the coupling coefficient κ 
(that is, the external loss) of a resonator. The higher the total loss of a resonator, the 
lower its finesse. The internal loss includes radiation by non-perfect reflections at the 
boundaries, and absorption and scattering in the resonator medium. As a result, 




Figure 2.5. Transmission characteristics of a resonator. FSR is the free spectral range, 
 λFWHM is full width at half maximum, and F=FSR / λFWHM. A larger finesse implies 
a better separation of resonance frequencies.
 
 
2.2.3 Double-ring resonators [15] 
In our case, a DRR device is composed of two straight waveguides and two 
resonators, one with radius R1 and one with radius R2. If R1 ≠ R2, the two resonators 
have different sets of resonance wavelengths. Only the shared resonance wavelengths 
can be detected at the drop port. Thus, resonances exist when  
             ,                                (2.16) 
where the M and N are integers and FSR1 and FSR2 are the free spectral ranges of the 
two resonators. This result implies that the overall FSR is 
    |   |
         
|         |
.                          (2.17) 
For instance, if two resonators with FSRs of 5 nm and 6 nm are chosen to create a 





Figure 2.6. Schematic of a DRR device. The first resonator has a radius of R1 and a 
straight section of length l. The second resonator has a radius of R2 and straight 
coupling region of length l. κ1 and τ1 represent the coupling and transmission 
coefficients between the first bus and the first resonator, κ2 and τ2 are the coefficients 
for the coupling between the two resonators, and κ3 and τ3 indicate the coefficients of 
coupler between the second resonator and second bus.  
 
Figure 2.6 shows a schematic diagram of a DRR device. All of the couplers 
are assumed to be lossless and symmetric and there is no input at the add port. The 
through-port and drop-port electric fields, as derived using matrix-transfer method, 
are given by 
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To increase the chance of coupling between the straight bus and the ring resonator, a 
straight section was added in the resonator. This design is called a racetrack resonator. 
A typical drop-port spectrum of a DRR device is shown in Figure 2.7. The 
pass bands are the common resonances of the two resonators, while the other 
resonances are called the stop band. The FSR is equal to the separation between 
adjacent pass bands. The intensity difference between the pass bands and the stop 
band is the isolation. A large isolation is usually desired. 
 








2.3 Experiments and data analysis  
2.3.1 Sample preparation 
The resonators were fabricated on a 200-μm-wide polydimethylsiloxane 
(PDMS) ridge to enable the through-port and drop-port measurements. Moreover, 
PDMS has a refractive index of 1.41, which makes it a good bottom cladding layer for 
the waveguides. To prepare the PDMS substrate, Sylgard 184 (Dow Corning) 
prepolymer was mixed with curing agent in a 10:1 mass ratio. The mixture was stirred 
and then centrifuged to remove air bubbles. One drop of the PDMS was sandwiched 
with a 200-μm spacer between oxygen-plasma-cleaned glass cover slip and a 
pretreated silicon wafer. The plasma-cleaned cover slip provides good adhesion to the 
PDMS. The silicon wafer was treated in an evacuated desiccator using (tridecafluoro-
1,1,2,2-tetra-hydrooctyl)dimethylchlorosilane overnight to prevent the PDMS film 
from sticking. After baking in the oven at 100  for 30 min, the PDMS film together 
with the glass slip was peeled off from the silicon wafer. To improve the adhesion of 
acrylic polymer on PDMS, the PDMS substrate was treated with oxygen plasma for 3 
min and then immersed in an ethanol solution containing 2 vol% (3-
acryloxypropyl)trimethoxysilane and 5 vol% deionized water overnight. PDMS 
substrate was then rinsed with ethanol and baked at 100  for one hour. A razor blade 
mounted on a micrometer was used to cut a 200-μm-wide ridge in the PDMS. This 
ridge served as the bottom cladding for the waveguides [17]. 
The acrylic resin, whose refractive index is 1.49, was composed of 54 wt% 
dipentaerythritol pentaacrylate (Sartomer) and 43 wt% tris (2-hydroxy ethyl) 
isocyanurate triacrylate (Sartomer), with 3 wt% Lucirin TPO-L (BASF) as the 
photoinitiator [6]. One drop of acrylic resin was added on the PDMS ridge and the 
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Figure 2.8. Scheme for sample preparation. 
 
The setup for MAP was introduced in Chapter 1. An 800-nm ultrafast laser is 
used to excite the photoinitiator in the acrylic resin by two-photon absorption using a 
100X, 1.45 NA, oil-immersion objective. The sample is moved in three dimensions 
using a piezoelectric stage controlled by LabView software, while the laser beam 
focus is fixed in space. 
 
2.3.2 Serial double-ring resonators 
For the DRRs, the contrast between the pass band and the stop band (isolation) 
is highly sensitive to the coupling coefficients. The coupling coefficients depend on 
the waveguide cross sections, the coupling lengths and the coupling gaps. We have 
successfully established the dependence of the coefficients on the gap sizes by 
varying the gap sizes and keeping the waveguide dimensions unchanged. As shown in 
Figure 2.9, acrylic couplers with different gap sizes were fabricated using MAP. The 
coupling/transmission coefficients of these couplers are plotted in the Figure 2.10. 
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According to the simulation results, appropriate gaps and ring sizes can be chosen to 
give the DRRs desired performance.  
 
Figure 2.9. SEM images of acrylic couplers with different coupling gaps.  
 
Figure 2.11 shows SEM images of DDR waveguide structures on a PDMS 
ridge. Their pedestal-shaped cross-section reduces bending loss (light leakage into the 
substrate), improves the mode confinement and lowers the propagation loss. The 







Figure 2.10. Plot of coupling/transmission coefficient vs. coupling gap. 
 
 




To test a device, tapered lensed fibers were used to couple the light into or out 
of a resonator. A tunable laser (1520 nm to 1580 nm) from an Agilent 8164A 
lightwave measurement system was coupled into and out of the DRR device. The 
output signal was measured by the Agilent 8164A system and was analyzed using a 
LabVIEW program. The optical source inside the Agilent lightwave measurement 
system is an InGaAsP Fabry-Perot laser, tunable from 1495 nm to 1640 nm. The 
beam waist is 9 μm. The wavelength-dependent transmission of resonators can be 
measured by carrying out a “wavelength sweep” and a transmission measurement 
simultaneously. For the wavelength sweeps in our experiments, the measurement 
system changes the wavelength of the optical output (with power of 1 mW) across a 
pre-defined wavelength range (1530.00 nm to 1580.00 nm) by a specific step size 
(0.01 nm) with a sweep speed of 10.00 nm per second. Every single device needs two 
or three cycles of wavelength sweeps. The measurement system contains optical 
power meters, which receive the transmissions as input light. The power meters 
measure the optical power of the input light by converting light (photons) to 
electricity (a current, electrons) and measuring the value of the current. Eventually the 
data set of wavelengths and corresponding optical intensities are recorded and plotted 
as the wavelength dependent transmission. 
Characteristics such as cross section and surface details of the devices were 
checked with SEM. This characterization allows for further optimization of the 
fabrication conditions. 
The DRRs were composed of two straight waveguides and two racetrack-
shaped microring resonators. The two resonators have radii of 50.7 μm and 43.2 μm, 
respectively. The straight coupling section is 30 μm long in each microring. As 
illustrated in Figures 2.12(a) and 2.12(b), two simulated DRR devices with the same 
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dimensions but different transmission coefficients give completely different spectral 
responses. Appropriate gap sizes were selected based on the calculations. MAP was 
used to create the devices with parameters designed to achieve the desired 
performance, as shown in Figures 2.12(c) and 2.12(d). The simulation and 
experimental data are in good agreement. Larger isolation can be achieved by further 
reduction of the propagation loss in the waveguides. Some potential approaches to 
reduce the loss will be discussed later in this chapter. 
 
 
Figure 2.12. (a) and (b) Simulation results for two DRRs with the same pair of ring 
sizes but different coupling gaps. τ1 and τ3 are transmission coefficients between the 
bus and resonator while τ2 indicates the transmission coefficient between two 
resonators in the DRRs; (c) and(d) coresponding experimental data. 
 
The polarization dependence of the device in Figure 2.12 (c) is shown in 
Figure 2.13. At the drop-port of the DRR, the transverse electric (TE) mode and 
transverse magnetic (TM) mode have a separation of 1.6 nm and have different 
transmission intensities. The DRRs are polarization dependent because of polarization 




Figure 2.13. Drop-port spectra of a DRR using different polarization states. 
 
2.3.3 Cascaded double-ring resonators 
Cascaded DRRs were also investigated. The configuration used is shown in 
Figure 2.14(a). The pedestal design was again used for the cross section. The drop-
port spectrum of this device is shown in Figure 2.14(b). The FSR is 26 nm and the 




Figure 2.14. (a) Optical image and (b) SEM image of a cascaded DRR device 
(Radius_small = 40 μm, Radius_big = 50 μm, all gaps are ~ 500 nm). (c) The drop-










2.3.3 Thermal reflow 
To improve the device performance further, we have explored thermal reflow 
as a means to reduce the surface roughness. The surfaces of devices created with 
MAP in our typical photoresists are smooth, with a roughness of less than 10 nm.  
 
Figure 2.15.  (a) and (b) SEM image of the waveguide before and after thermal reflow 
at 250 ºC for 60 seconds. (c) Performance of a “snow man” microring resonator 




However, because MAP is a point-by-point fabrication technique, microscopic or 
nanoscopic inhomogeneities may exist within the bulk of waveguides, and can 
degrade performance. We have discovered that holding a device briefly at an elevated 
temperature can improve its optical performance substantially, and can also increase 
the yield of high-performance devices considerably. An example of the typical 




Making use of the coupling coefficient dependence on the coupling gap sizes, 
proper gap sizes were selected on the basis of calculations to achieve optimum quality 
of DRRs. Using the chosen parameters, pedestal DRRs with a large FSR (>30 nm) 
and large isolation were directly fabricated using MAP and demonstrated a good 
match to the simulation results. Thermal reflow and an alternative resin are currently 
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Chapter 3: Surface mapping of side-polished fibers with 
externally actuatable microring resonators 






Optical fibers have been used widely in optical communications applications 
due to their excellent performance in long-distance, high-bandwidth light propagation 
[1].  For on-board processing or analysis of signals with an optical fiber, other optical 
components (e.g., modulators or filters) must be employed.  However, such 
components generally introduce significant insertion loss [2].  Micro-structured 
optical fibers [3-4], such as adiabatically tapered fibers [5], fused conical tapered 
fibers [6] and side-polished fibers [7] (SPFs) have been investigated as means of 
reducing insertion loss and facilitating fiber-to-device interfacing.  SPFs have proven 
to be attractive for use as fiber directional couplers [8], sensors [9], polarizers [10], 
modulators [11], amplifiers [12], and filters [13].  
The distance from the polished surface of an SPF to its core critically affects 
its evanescent coupling to external optical components.  Due to the variation of the 
core dimension of the fiber and the position of the core relative to the polished 
surface, it is difficult in practice to achieve uniform thickness of the residual cladding 
in the polished region of the fiber.  As shown in Figure 3.1, even in commercial SPFs 
the cladding layer thickness varies as a function of position on the side-polished face.  
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Current technology offers good control over the degree of polishing for the polished 
area as a whole, as typically evaluated by monitoring the transmission loss at the fiber 
output [7].  However, there are an infinite number of polished configurations that can 
lead to the same transmission loss, and so monitoring and maintaining local 
uniformity during polishing remains a challenge.  Thus, if an optical device needs to 
be coupled precisely to an SPF, it is essential to be able to identify the best coupling 
spot on the polished face.  Here we demonstrate the mapping of the polished surface 
of an SPF using an external, microring-resonator-based device that can be coupled to 
any desired portion of the side-polished region. 
Microring resonators (μRRs) support resonances for specific wavelengths of 
light [14].  These resonant wavelengths can be isolated without affecting the off-
resonance wavelengths, which makes μRRs good candidates for optical wavelength 
filtering in devices such as integrated photonic circuits [15], modulators [16], sensors 
[17] and lasers [18].  Many spectral properties of μRRs, such as the wavelengths of 
the resonances and their finesse (defined in Chapter 2, section 2.2.2), depend 
sensitively on environment.   
We take advantage of this environmental sensitivity to characterize SPFs using 
polymeric μRR devices.  The creation of multimode, polymeric μRRs on SPFs has 
been reported previously [11, 19]. In contrast, here we use MAP [20, 21] to fabricate 
high-quality, single-mode polymer μRR devices with a finesse as high as 40 on a 
separate, low-index substrate. By controlling the position of the substrate, these μRRs 
can be coupled directly and reproducibly at any point along an SPF without any 
index-matching liquid [11], thus achieving low insertion loss.  As a μRR device is 
moved along or across the polished surface of an SPF, the varying distance to the 
fiber core gives different coupling coefficients, leading to a change of the resonance 
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modulation depth at the fiber output. Based on the modulation depth profile, which 
depends on the cladding thickness, desirable coupling regions on the SPF can be 
identified readily.  We further demonstrate that the spectral properties of the fiber 
output are sensitive to the pressure with which a μRR device is pressed against the 
polished face of the SPF. 
 
 
Figure 3.1. Scanning electron micrographs (SEMs) of the cross sections of a single 
SPF at four different positions within a 500-μm-long polished region. In each SEM 
image, the region indicated by a dashed yellow boundary is the fiber core and the red 
dashed line indicates the polished surface. These images clearly show that the residual 








3. 2 Experimental details 
MAP was chosen for the fabrication of the μRRs owing to its ability to create 
complex, 3D polymeric structures with low surface roughness [20, 21].  We have 
previously demonstrated that MAP can be used to create high-quality, single-mode, 
acrylic μRR-based devices [22].  The theory and experimental setup of MAP have 
been discussed in Chapter 1.  
 
 
Figure 3.2. (a) A schematic side view of a waveguide on a PDMS ridge coupled to an 
SPF. (b) Simulations of waveguides of different dimensions coupled to an SPF.  The 
optimal waveguide cross section was determined to be 2 μm  2 μm. 
 
The μRR devices were fabricated on ridges composed of polydimethylsiloxane 
(PDMS).  The PDMS substrate has a refractive index of 1.41 at 1.5 μm, thus 
providing a large refractive index contrast with the acrylic polymer (which has a 
refractive index of 1.49).  Due to its elasticity, the PDMS substrate also helps to 
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protect the μRR devices from damage when they are pressed against SPFs. To prepare 
the substrate, well-mixed Sylgard 184 (Dow Corning) with a 10:1 mass ratio of 
prepolymer to curing agent was poured onto a silicon wafer that had been pretreated 
in a vacuum desiccator using (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethyl-
chlorosilane for 24 h.  The Sylgard 184 was sandwiched between the wafer and an 
oxygen-plasma-cleaned cover glass with a 200 μm separation between them.  After 
curing for 30 min at 95 C, the PDMS film was peeled off of the silicon wafer and 
plasma cleaned for 3 min.  
To improve the adhesion of the acrylate-based polymer on PDMS, the PDMS 
was functionalized by immersion in an ethanol solution with 2 vol% (3-
acryloxypropyl)-trimethoxysilane and 5 vol% deionized water overnight and then 
rinsed for 30 min in pure ethanol, followed by heating for 30 min at 95 C.  A 300-
μm-wide ridge was cut in the substrate using a razor blade, and the remaining PDMS 
was peeled away. 
The photoresist was prepared by mixing 48.5 wt% tris (2-hydroxy ethyl) 
isocyanurate triacrylate (SR368, Sartomer) and 48.5 wt% ethoxylated (6) 
trimethylolpropane triacrylate (SR499, Sartomer), with 3 wt% Lucirin TPO-L (BASF) 
as a photoinitiator.  To prepare the sample for fabrication, one drop of acrylate resin 
was placed on the PDMS ridge and covered by a thin glass slide with a 40 μm spacer 
in between.  The sample was mounted on a 3D piezo stage (Physik Instrumente) that 
was installed on an inverted microscope. As Ti:Sapphire laser (Coherent Mira 900-F) 
produced 800-nm, 150-fs pulses that were focused by a 100, 1.45 NA, oil-immersion 
objective (Zeiss α Plan-FLUAR).  A LabView program controlled the movement of 
the piezo stage to fabricate a pre-designed structure. The unexposed photoresist was 





Figure 3.3. (a) SEM image of a μRR device on a PDMS substrate.  The radius of 
curvature of the ring is 50 µm, the length of the straightaways (and the coupling 
region) is 50 µm and the cross section is 2 µm  2 µm. (b) A closeup view of the 
same device. The curved bus was designed to facilitate measurements at the drop port. 
 
 
Figure 3.4. Schematic diagram of the device measurement setup.  The sample was 
mounted on the 3D piezo stage with the μRR devices facing down. The SPF was 
glued on a glass slide with the polished face up.  An Agilent 8164A Lightwave 
Measurement System acted as the infrared light source and was used to measure the 
through-port and drop-port signals. 
 
The optimal waveguide dimensions were determined using a finite-element 
program (Fiber Optical Mode Solver, Apollo Photonics), as illustrated in Figure 3.2.  
53 
 
In the calculations, a linear polymer waveguide on a PDMS substrate was contacted 
with the SPF, which had a refractive index 1.440 for the core and 1.437 for the 
cladding.  The thickness of the cladding between the waveguide and fiber core was 
assumed to be zero.  Different combinations of waveguide height and width were 
examined, and it was determined that dimensions of 2 μm  2 μm were optimal for 
meeting the phase-matching condition and maintaining single-mode properties.  A 
microring design in a “racetrack” pattern was chosen for fabrication, as the elongated 
coupling region gives more efficient coupling between the resonator and the fiber core.  
SEMs of a representative μRR device are shown in Figure 3.3. 
The measurement setup is shown in Figure 3.4.  The sample was mounted on a 
piezoelectric motorized stage above an SPF (Phoenix Photonics) immobilized on a 
glass slide with its polished side up.  Examination under a microscope was used to 
ensure that the polished face of the SPF was horizontal and free of twist.  An Agilent 
8164A Lightwave Measurement System was used to introduce the tunable infrared 
laser source into the SPF and to measure the through-port and drop-port outputs.  The 
coupling region of the μRR was aligned with the fiber core, and the device 
performance was analyzed as the μRR was moved relative to the SPF.  As illustrated 
in Figure 3.5, the through-port spectrum was collected at the SPF output and the drop-









3.3 Results and discussion 
3.3.1 Spectral properties of single racetrack resonator on an SPF 
 
Figure 3.5. Schematic diagram of the optical measurement system. A μRR device is 
contacted with the SPF, allowing light propagating in the SPF to couple into the 
resonator. Spectral notches are observed at the fiber output (the through port) and 
complementary transmission maxima are observed at the end of the curved waveguide 
(the drop port) using a tapered fiber. 
 
When a μRR device is coupled to an SPF, spectral notches are observed in the 
fiber output, as shown in Figure 3.6(a).  Spectra for the through port and the drop port 
of a racetrack μRR that had been contacted with an SPF are shown in Figures 3.6(a) 
and 3.6(b).  In this case the μRR had a radius of curvature of 50 μm in the 
semicircular regions and a “straightaway” length of 50 μm.  The finesse in the 
through-port spectrum was ~22.  Through-port modulation depths observed for 
typical devices were on the order of 1 to 2 dB.  The baseline of a typical through-port 
spectrum was less than -0.2 dB, indicating the low insertion loss of these devices.  
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The finesse of typical drop-port spectra was lower than that in the through-port 
spectra, although the resonances were generally more than 10 dB above the baseline. 
 
 
Figure 3.6. (a) Through-port and (b) drop-port spectra for a racetrack μRR device with 
a 50 μm radius of curvature and a 50-μm-long coupling region. 
 
3.3.2 SPF surface mapping 
The spectra shown in Figure 3.6 were obtained with a μRR device in contact 
with an optimized position on the SPF used.  As shown in Figure 3.7, the spectrum at 
the fiber output is highly dependent on the position of the coupling region of the μRR 
device relative to the fiber core.  Figure 3.7(a) shows a portion of the through-port 
spectrum as a device is translated across the core at a fixed position along the length 
of the core.  As shown in Figure 3.7(b), the finesse remains relatively constant as the 
device is moved across the core, while the modulation depth is highly sensitive to 
position.  Conversely, as a device is translated along the core while remaining at the 
optimal position across the core, the through-port spectrum changes in a manner that 
reflects the local thickness of the cladding (Figure 3.7(c)).  The finesse is also 
relatively insensitive to the position along the core (except at the extremities of the 
side-polished region), while the modulation depth depends strongly on position 
(Figure 3.7(d)).  The optimal position for coupling the device to the SPF can be 
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identified readily from these plots.  The same ideal coupling position on a given SPF 
was found in multiple experiments and with different μRR devices, demonstrating the 
robustness of this technique. 
 
 
Figure 3.7. (a) Through-port spectrum when a μRR device with a 50 μm radius of 
curvature and a 50 μm coupling region was moved across the core of an SPF.  (b) 
Finesse and modulation depth of the through-port spectrum as a function of position 
across the core. (c) Through-port spectrum when a μRR device with a 40 μm radius of 
curvature and a 60 μm coupling region was moved along the core of the SPF.  (d)  
Finesse and modulation depth of the through-port spectrum as a function of position 







3.3.3 Pressure sensing using a microring resonator on an SPF 
The through-port and drop-port spectra are also sensitive to the vertical 
position of μRR device relative to the polished face of an SPF.  Shown in Figure 
3.8(a) are through-port spectra obtained as a device was lowered onto the core of an 
SPF.  The evanescent coupling increases with decreasing distance between the device 
 
Figure 3.8. (a) Through-port spectrum when a μRR device with a 40 μm radius of 
curvature and a 60 μm coupling region approached the side-polished face of an SPF 
vertically.  (b) Finesse and modulation depth of the through-port spectrum as a 
function of height above the core. (c) Through-port spectrum when a μRR device with 
a 40 μm radius of curvature and a 40 μm coupling region was pressed into the 
polished face of the SPF.  (d)  Finesse and modulation depth of the through-port 





and the SPF, leading to a substantial increase in the modulation depth of the through-
port spectrum while the finesse remains relatively constant (Figure 3.8(b)).  The 
dependence of the modulation depth on distance from the SPF face is roughly 
exponential, with a decay constant of approximately 0.3 μm.  This distance is in 
reasonable agreement with the evanescent decay constant expected based on the 
refractive indices of the media [23]. 
Once a μRR device has been brought into contact with an SPF, the through-
port and drop-port spectra are also dependent upon the pressure with which the 
contact is made.  Because PDMS is highly elastic, it is possible for the device to 
function even after the vertical piezo has been moved for many μm past the point of 
contact.  Thus, a μRR coupled to an SPF by this method can also serve as a pressure 
sensor.  Typical through-port spectra are shown in Figure 3.8(c) as a function of the 
vertical piezo position, where 0 denotes the point of contact.  There is a clear spectral 
shift as the pressure is increased.  Furthermore, as shown in Figure 3.8(d), both the 
modulation depth and the finesse decrease linearly with increasing pressure.  As the 
finesse is relatively insensitive to the position along, across or above an SPF, a 
decrease in finesse is a clear indication that pressure has been applied to the μRR 
device.  The observed spectral changes are completely reversible over hundreds of 








3.3.4 Waveguides  with a pedestal cross section  
We have explored three different approaches to improving the performance of 
MAP-fabricated devices that can be coupled to SPFs.  The first approach involves 
creating a pedestal for the waveguides to lower the effective refractive index of the 
substrate.  Even though PDMS has a relatively low refractive index (~1.41), air-clad 
waveguides exhibit even lower propagation and bending losses than do waveguides 
fabricated on PDMS.  Using MAP, it is relatively simple to create the waveguides on 
top of a narrow pedestal composed of the same material as the waveguide.  With an 
appropriate design, relatively little light couples into the pedestal (and the PDMS), 
improving the overall device performance.  In Figure 3.9 we show a comparison of 
some of the best SPF output spectra for microring resonators in which the waveguides 
are fabricated without a pedestal and with a pedestal.  It is clear from this figure that 
the pedestal provides a substantial improvement in performance. 
 
 
Figure 3.9.  (a) Comparison of two microring resonators with and without a pedestal 
configuration. The μRRs have the same radius of curvature (40 μm) and the length of 
their straight sections is 60 μm. (b) Another group of resonators with a coupling 




3.3.5 Effect of the coupling region length 
As shown in Figure 3.10, to drop higher intensity out of the SPF, racetrack 
pedestal resonators with coupling lengths up to 200 μm have been fabricated and 
tested. When a 200 μm coupling length was used, 90% of the intensity in the SPF was 
filtered out at the resonance wavelengths. These pedestal resonators all have the same 
radius (40 μm) with a different coupling length. 
 
Figure 3.10. Pedestal resonators with the same radius of curvature (40 μm) and 
different coupling lengths were tested on the SPF. When the coupling length is 










3.4  Conclusions 
We have demonstrated that μRR devices fabricated on a PDMS substrate offer 
a simple means of mapping the spatial dependence of the coupling on the polished 
face of an SPF.  Coupling measurements made in this manner are non-destructive and 
highly reproducible.  The resolution of the mapping depends on the length of the 
coupling region of the μRR device, which can be matched to the coupling length of 
whatever device is ultimately intended to be coupled to the SPF.  It is also possible to 
fabricate a set of μRR devices with a range of coupling lengths on a single PDMS 
substrate so that mapping can be performed at any desired resolution. 
Once a device has been fabricated on an SPF, whether with MAP or another 
technique, it can be difficult to remove cleanly.  Thus, SPFs are not typically 
extensively reusable.  The ability to identify the optimum coupling region on a given 
SPF can thus enable higher yields of SPF-based devices.  Furthermore, given the low 
insertion losses of the μRR-based devices discussed here, it is apparent that in many 
applications it may be preferable to bring an external optical device into contact with 
an SPF rather than fabricating the device on the SPF.  This strategy allows the SPF to 
be reused as many times as desired and makes it possible to couple different devices 
to the SPF as required. 
We have also demonstrated that spectrum of a μRR device that has been 
fabricated on a PDMS substrate and is brought into contact with an SPF is sensitive to 
pressure.  This phenomenon could lend itself to the development of new sensors.  The 
fact that resonances of the device shift with increasing pressure could also be 
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Chapter 4: Simultaneous Optical Microscale 
Manipulation, Immobilization, and Fabrication in 
Aqueous Media 




The development of next-generation microtechnologies for advancing fields 
such as biomedical engineering, nanophotonics, and analytical chemistry could 
benefit greatly from new methods for the integration of microstructures into 
functional devices. Fabrication schemes that substitute water for organic solvents 
would be highly advantageous, as water is inexpensive, non-toxic, and bio-
compatible. For example, to understand the fundamental behavior of individual cells 
and their interactions with one another, it is beneficial to employ an in vitro 
environment that can mimic the 3D geometries of typical in vivo settings [1, 2]. 
Moreover, microfluidic devices, which are major components of a new generation of 
miniature instruments for molecular analysis, electrochemical sensing, medical 
analysis and other applications, are typically most compatible with water-based media 
[3-5]. Accordingly, for applications such as the incorporation of new structures (e.g., 
mixers or reactors) into existing microfluidic devices and structural modifications of 
the walls of microfluidic channels, it is vital to have water-based media for 
fabrication.  In addition, water-based fabrication methods have the potential for use in 
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the creation of microstructures that are composed of multiple materials and/or that 
cannot be realized entirely through direct-write fabrication techniques. 
 It is therefore desirable to have a toolbox of microtechnologies for the 
fabrication and manipulation of complex, functional microstructures that can be used 
in applications such as biomolecular scaffolds, sensors,
 
electronics, adhesives, and 
coatings [6-8]. This need is a major driving force for the advancement of optical 
fabrication techniques that are amenable to entirely water-based conditions.  
 Optical tweezers is an attractive candidate technique for incorporating 
nanoscale manipulation into water-based fabrication techniques.  Optical trapping has 
revolutionized the non-invasive manipulation and positioning of microparticles in 
low-refractive-index liquids such as water [9-12]. By taking advantage of the 
refractive qualities of dielectric materials, optical tweezers can exert piconewton 
forces for applications in areas such as particle sorting [13-15],
 
micromachines [16-
18], single-molecule biophysical studies [19-22] and microfabrication [23]. 
 While optical tweezers have been employed broadly for manipulation, their 
use for immobilizing objects in a given architecture has been limited to date. In one 
example of such immobilization, Marr and co-workers used photopolymerization of 
an aqueous photoresist to fabricate linear aggregates of silica microbeads for use in 
microfluidic devices [24, 25].
 
However, the polymerization could only take place at 
the focal region of the optically trapped microbead, which served as a lens. In 
addition, Arnold and co-workers have reported a method for direct-write patterning of 
surfaces using optically trapped microbeads as lenses [26, 27]. 
 
Nonlinear optical (NLO) techniques based on multiphoton absorption are 
powerful methods for fabricating microstructures. In NLO fabrication methods, the 
photochemical or photophysical transformation of a material is restricted to the focal 
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volume of a laser beam that has been focused through a microscope objective. One of 
the most developed NLO fabrication processes is multiphoton absorption 
polymerization (MAP), in which a prepolymer resin consisting of reactive monomers 
and a photoinitiator is activated with ultrafast pulses of near-infrared light [28-31]. 
Due to a combination of optical and chemical nonlinearity, structures created with 
MAP can have dimensions on the nanoscale [32, 33]. MAP also allows for the 
fabrication of complex 3D structures.  
The vast majority of work in MAP to date has been accomplished either in 
neat photoresists or in photoresists with an organic solvent. Multiphoton fabrication in 
aqueous media has primarily been restricted to the crosslinking of biomolecules via 
photosensitizers, which is an area of rapidly growing interest [34-39]. While the 
resultant materials are generally bio-compatible, the biomolecular starting materials 
are typically considerably more expensive than their organic counterparts. 
Biomolecular microarchitectures are also often not as robust as ones created from 
synthetic polymers. Also, structures consisting solely of biomolecular materials may 
be unsuitable for optical manipulation, as the forces acting on the biomolecules can 
potentially change their conformations irreversibly. 
 
To construct robust structures that are viable for optical trapping in water-
based media, it is desirable to be able to perform free-radical photopolymerization in 
aqueous conditions. Radical photopolymerization carried out in aqueous media 
typically has a lower efficiency than in organic media. Thus, the need for efficient and 
water-soluble radical photoinitiators for MAP remains to be addressed. The types of 
photosensitizers that have been used for protein crosslinking have also been 
demonstrated to polymerize acrylates in water [40], but these species have high 
visible absorption and relatively small windows for processing (the maximum laser 
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power that can be used for fabrication divided by the minimum laser power that can 
be used for fabrication).  Water-soluble photoinitiators such as chromium-based 
compounds are widely used in the stencil industry [41]. However, these materials 
have a short shelf life and are toxic, which poses environmental problems. Another 
approach to aqueous radical photopolymerization employs micro/miniemulsions and 
micellar polymerization [42].  Ober and co-workers have used a related method to 
solubilize a hydrophobic sensitizer/photoinitiator pair in water for MAP fabrication of 
hydrogels [43]. This chemistry was successful for 3D MAP fabrication, but the 
sample preparation time is long and the processing window is relatively small.
 
Here we introduce water-based photoresists that can be prepared rapidly and 
are capable of efficient MAP fabrication with a large intensity window for processing. 
Not only can these materials be used for the fabrication of robust 3D structures via 
MAP, but the optical clarity, low refractive index and low viscosity of the resists 
make them suitable for simultaneous MAP fabrication and optical manipulation. 
These capabilities in turn allow for the creation of structures that are otherwise 
unattainable using traditional fabrication techniques. Additionally, the mechanical 
properties of the structures created can be controlled through simple chemical means 
[44, 45]. Based on these combined abilities, we demonstrate a suite of techniques for 
microfabrication using a combination of manipulation, polymerization, and 
immobilization. These techniques include 2D and 3D microassembly, microbraiding 
and microweaving. We also demonstrate that these microfabrication techniques are 






4.2 Materials and methods 
4.2.1 Preparation of acrylate-functionalized glass substrates 
To promote adhesion of the polymeric structures, #2 Corning glass coverslips 
(25 mm × 25 mm) were first subjected to an oxygen plasma for 3 minutes. The cover 
slips were functionalized by immersion for ~16 h in a solution consisting of 93 vol% 
anhydrous ethanol, 5 vol% deionized water, and 2 vol% (3-
acryloxypropyl)trimethoxysilane (Gelest). The coverslips were then submerged in 
anhydrous ethanol for 1 h, after which they were baked at 95 °C for 1 hour. 
 
4.2.2 Preparation of fluorinated substrates 
To confine the water-based photoresist during fabrication, wells with 
polydimethylsiloxane (PDMS) side walls were prepared as follows. A 10:1 mass ratio 
mixture of Sylgard 184 (Dow Corning) to curing agent was poured onto a silicon 
wafer that had been treated overnight in an evacuated desiccator with (tridecafluoro-
1,1,2,2-tetra-hydrooctyl)dimethylchlorosilane (Gelest). A 40-μm-thick spacer was 
used to separate the silicon wafer from a coverslip that had been treated with an 
oxygen plasma for 3 minutes. The PDMS was cured in an oven at 95 °C for 20 
minutes. After removing the silicon wafer, a razor blade was used to create a 5 mm × 
5 mm well in the PDMS to expose the glass underneath it. The substrates were then 
treated overnight in an evacuated desiccator with (tridecafluoro-1,1,2,2-tetra-
hydrooctyl)dimethylchlorosilane to prevent any silica microbeads from attaching to 





4.2.3 Photoinitiator synthesis 
The water-soluble radical photoinitiator, sodium 4-[2-(4-morpholino)benzoyl-
2-dimethylamino] butylbenzenesulfonate (MBS) was synthesized by modifying a 
literature procedure [46], as described previously [47]. As demonstrated by Kojima et 
al. [46], MBS has a broad absorption band with a peak at 325 nm and generates 
radicals when irradiated with UV light, giving it the ability to polymerize 
polyfunctional acrylate monomers. The use of MBS for MAP has not been reported 
previously, but MBS is a water-soluble variant of Irgacure 369, a photoinitiator that 
has been used widely for MAP [29].  The high solubility of MBS in water thus makes 
it a good candidate for MAP in aqueous media. 
 
Figure 4.1  Absorption spectrum of MBS (solid line) and two photon polymerisation 
action spectrum of water-soluble acrylic photoresist containing 37.5 wt% ethoxylated-
15 trimethylolpropane triacrylate and 1 wt% MBS in DI water (solid circles). Data for 
the polymerization action spectrum were collected by observing polymerization for 1 
s exposures at 0 μm/sec. Pth,fab is the threshold power measured at the sample required 
for polymerization.   
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The absorption spectrum of MBS was measured using a PerkinElmer Lambda 
1050 UV/Vis/NIR spectrophotometer (PerkinElmer). 
 
4.2.4 Water-soluble acrylic photoresist 
Except where otherwise noted, the water-soluble photoresist was composed of 
37.5 wt% ethoxylated(15) trimethylolpropane triacrylate (SR9035, Sartomer), 1 wt% 
MBS, and 61.5 wt% deionized (DI) water. This formulation is a negative-tone 
photoresist, i.e. polymerization takes place only where the photoresist is exposed to 
the laser beam. To incorporate silica microbeads into the photoresist, a solution 
containing 75 wt% SR 9035, 2 wt% MBS, and 23 wt% DI water was mixed with a 
solution containing 0.5 wt% of 5 μm diameter carboxyl-functionalized silica 
microbeads (Bangs Laboratories) in DI water in a 1:1 ratio. To vary the flexibility of 
the resulting polymers, Michael addition was performed on the acrylate monomers by 
adding 1 to 10 wt% diethanolamine (Sigma Aldrich) to the photoresist. To obtain 
fluorescent images of microwoven structures, 0.01 wt% Rhodamine B base (Acros 
Organics) was added to the acrylate monomer solution.  Typical fabrication powers as 
measured at the sample were 4 mW for 3D structures, 7 mW for rigid threads and 5 
mW for flexible threads.  The processing window was a factor of nearly 5 at a 









Table 4.1 Physical properties of photoresist and photoinitiator 
Refractive index of water-soluble acrylic photoresist  1.385 
Density of water-soluble acrylic photoresist  1.05 g/mL 
Viscosity of water-soluble acrylic photoresist  7.66 ± 0.02 cSt
*
 
Solubility of MBS in 100 wt% DI water 0.638 ± 0.003 mol/L
*
 
Solubility of MBS in 37.5 wt% ethoxylated-15 
trimethylolpropane triacrylate and 62.5 wt% DI water 





Values are reported to one standard deviation. Refractive index was measured using 
an ABBE-3L refractometer. Viscosity measurements were carried out using a 1C 
Ubbelohde viscometer at 25 °C. 
 
4.2.5 Biophotoresist 
Solutions of bovine serum albumin (BSA) and MBS were prepared using 
methods similar to those in previous reports that used photosensitizers to crosslink 
proteins [37]. 400 mg/mL of BSA (Equitech-Bio) was prepared in 20 mM HEPES 
buffer (Sigma Aldrich) and MBS was added to the solution to obtain a total 
concentration of 10 to 15 mM. 0.25 wt% carboxyl-functionalized silica microbeads 
were introduced to the solution for optical trapping studies. Typical fabrication 
powers were 11 mW for both 3D structures and flexible threads.  The processing 





4.2.6 Fabrication of free-standing microstructures 
Free-standing microstructures were fabricated on acrylate-functionalized 
coverslips using an acrylate monomer resin that consisted of 54 wt% dipentaerythritol 
pentaacrylate (SR399, Sartomer), 43 wt% tris(2-hydroxyethyl) isocyanurate 
triacrylate (SR368, Sartomer), and 3 wt% Lucirin TPO-L (BASF) according to 
previously reported methods [48]. 
 
4.2.7 Fabrication and development of structures with water-soluble 
photoresist 
A small amount of photoresist was placed on a coverslip (that could include 
previously fabricated free-standing structures), covered with a fluorinated substrate, 
and mounted on a xyz piezoelectric stage (Physik Instrumente). The movement and 
positioning of the substrate were controlled by programs written in LabView 
(National Instruments). Once fabrication was complete, any unexposed photoresist 
was removed by rinsing the substrates in ethanol and hexanes (acrylic photoresist) or 
HEPES buffer (biophotoresist). The final structures were examined by collecting 
scanning electron micrographs (SEMs) on a Hitachi SU-70. Samples for SEM 















4.2.8 Simultaneous optical trapping and fabrication 
 
 
Figure 4.2 Schematic diagram of the experimental setup for simultaneous optical 
trapping and MAP. 
 
A schematic diagram of our experimental setup is shown in Figure 4.2. For 
optical trapping in conjunction with MAP, two Ti:sapphire lasers (Coherent Mira 900-
F) were used. Optical trapping was performed using a continuous-wave (CW) laser 
tuned to 800 nm and MAP was carried out using 200 fs pulses from a modelocked 
laser tuned to 740 nm. The two beams were of orthogonal polarizations and were 
merged together in a polarizing beam cube before being introduced into an inverted 
microscope (Zeiss Axiovert 100) and focused into the sample through a 1.45 NA, 
100× oil-immersion microscope objective (Zeiss α Plan-FLUAR). Galvanometric 
scanning mirrors were used to move one laser beam relative to the other. The ability 
to control the laser beams independently permits the fabrication of unsupported 
structures within the liquid photoresist. Due to the unsupported nature of the 
structures, this scheme allows for the facile manipulation and transport of structures 
from the initial point of fabrication to other points of interest. 
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4.2.9 Two-photon fluorescence imaging 
Two-photon fluorescence images were obtained by scanning the laser beam 
using galvanometric mirrors. The fluorescence signals were collected by a single-
photon-counting avalanche photodiode (EG&G) and transferred to a computer. The 
fluorescence data processing was carried out using programs written in LabView.
 
 
4.3 Results and discussion 
4.3.1 MAP and optical tweezers for constructing two- and three- 
dimensional structures 
Because our photoresist is water based, it allows silica microbeads to be 
trapped with ease for precise positioning, while the polymer that is formed acts as a 
binding agent that can spot-weld microbeads to the substrate, to another microbead, or 
to any other microstructure. To demonstrate this capability, we first fabricated 2D 
structures, as shown in Figure 4.3. The letter “M” was fabricated with the water-
soluble photoresist. The letters “U” and “D” were constructed by the controlled 
assembly of silica microbeads. Each microbead was delivered to the desired location 
using optical tweezers and then was secured to the surface by MAP. Since both laser 
beams were carefully overlapped in the plane of the sample surface, the resulting 
polymerization took place below the center of the trapped microbead. Also, since the 
polymerization is limited to the focal volume of the laser beam the silica beads could 
be immobilized by a small amount of polymer. Post-development imaging of the 
sample showed that the polymer structure maintained its overall morphology with 





Figure 4.3 The letter “M” was created from the aqueous photoresist using MAP, while 
the letters “U” and “D” were created by manipulation of microbeads using optical 
tweezers followed by immobilization with MAP. 
 
4.3.2 3-D structures consisting of silica microbeads 
A combination of optical tweezers and MAP can also be applied to the 
construction of 3D structures consisting of immobilized silica microbeads. We 
fabricated structures consisting of three layers of microbeads as shown in Figures 
4.4(A) and 4.4(B). Both structures were assembled following a step-by-step process in 
which each silica microbead was moved to a position of interest using optical 
tweezers, starting with the lowest layer. In the pyramid in Figure 4.4(A), the 
microbeads on higher levels were placed so as to form a close-packed arrangement in 
which there was optimal contact of a microbead with the three neighboring beads in 
the previous layer to allow for better “welding” by means of polymerization. On the 
other hand, in the 3×3 cube depicted in Figure 4.4(B), each particle contacts only one 
microbead in the previous layer, but the overall form of the structure is still 
maintained. This structure demonstrates the robust nature of the water-soluble 
photoresist after exposure and development. The confined polymerization made 
possible by MAP restricts the size of each polymer feature to a fraction of the size of 
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the microbead, and therefore no polymer is visible on the exteriors of the structures 
shown in Figures 4.4(A) and 4.4(B). 
 
 
Figure 4.4 Silica microbead pyramid (A) and cube (B) created by optical trapping of 
individual beads followed by immobilization with MAP. 
 
4.3.3 Structures consisting of silica microbeads and acrylic polymer 
features 
The low refractive index of the photoresist allows for optical trapping of silica 
microbeads while fabricating polymer microthreads attached to them, as well as for 
trapping of the ends of the microthreads. Unsupported structures were fabricated 
using two methods. In Method I, a silica microbead or small polymer particle is 
trapped with optical tweezers within the liquid photoresist and fabrication is carried 





Figure 4.5 Schematic representation of Method I for creating microthreads attached to 
microbeads.  A microbead is optically trapped, and then the fabrication beam is 
focused at one of its edges and moved horizontally to create a thread. 
 
Because the initial fabrication point is tethered to a microbead that is trapped 
with optical tweezers, the second laser can freely fabricate within the liquid medium 
with no interference from the optical tweezers. The polymerized volume element 
(voxel) is elongated along the direction of laser propagation [29], so this technique is 
ideal for fabricating tape-like, lengthy, flexible structures parallel to the sample 
surface. 
To demonstrate Method I, we fabricated a structure designed to mimic a 
tetherball and pole, in which a flexible microthread fabricated with the water-soluble 
photoresist was wrapped around a pre-fabricated post. A schematic diagram of the 
fabrication method is shown in Figure 4.6(A).  The post structures were fabricated 
first, and the water-based photoresist was added to the sample to fabricate the 
microthreads via Method I. Here, a more flexible microthread was fabricated by 
controlling the laser power and sample velocity during the fabrication process. 
Translating the focal point of the laser beam at a higher velocity results in a thinner 
and less stiff thread due to the reduced exposure at each point. Once a flexible 
microthread had been fabricated on a silica microbead, the free end of the thread was 
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optically trapped and secured to the top of the post via MAP. The bead was then 
optically trapped and maneuvered to wrap the microthread around the post. When the 
thread was completely wrapped around the post, the bead was positioned onto one 
side of the post and fastened by creating a small amount of polymer between the bead 
and the post.  SEM images of two representative tetherball pole structures are shown 
in Figures 4.6(B) and 4.6(C). 
 
 
Figure 4.6 (A) Fabrication scheme for a microscale tetherball pole.  A microthread is 
fabricated from a microbead using Method I.  Optical tweezers are used to bring the 
end of the thread to the top of the pole, where it is attached via MAP.  The optical 
tweezers are then used to wrap the thread around the pole, after which the bead is 
immobilized using MAP. (B) and (C) are views of two representative structures. 
 
Method II also employs a silica microbead as the initial point of fabrication 
(Figure 4.7). In this method, a microbead is first trapped and positioned within 1 to 2 
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μm of the fluorinated substrate. The microbead is positioned in this manner so that 
when it is released from the optical trap, it remains close to its original position as its 
travel distance is limited due to gravitational influence. Fabrication begins 
simultaneously with the release of the optical trap. Because there is more voxel 
overlap along the elongated direction, this technique is ideal for the fabrication of less 
flexible threads in the direction normal to the sample surface. 
 
 
Figure 4.7 Schematic representation of Method II for creating microthreads attached 
to microbeads.  A microbead is optically trapped near the bottom surface of the 
sample cell. The trapping beam is turned off, and then the fabrication beam is focused 
at the top of the bead. The sample is lowered to create a vertical microthread.  
 
To demonstrate Method II we used MAP to fabricate a free-standing structure 
resembling the eye of a sewing needle and then threaded it using optical tweezers. A 
schematic diagram of the process used is shown in Figure 4.8(A). Once the needle eye 
had been fabricated and developed, the water-based photoresist was introduced to the 
sample. A 15 μm microthread was then fabricated attached to an optically trapped 
silica microbead. In this example, the microthread was fabricated in the direction 
orthogonal to the sample surface. The polymeric end of the microthread was then 





Figure 4.8 (A) Fabrication scheme for a microscale needle eye.  A microthread is 
fabricated on a microbead using Method II.  Optical tweezers are used to bring the 
end of the thread through the eye of the needle, after which a second microbead is 
attached via MAP. Panels (B) and (C) show two views of the resultant structure. 
 
 
the microbead was larger than the eye of the needle, which held the thread in place. 
To prevent the microthread from being released during the development process, 
another silica microbead was positioned on the free end of the thread using optical 
tweezers and secured with a small amount of polymer via MAP.  SEM views of the 
final structure are shown in Figures 4.8(B) and 4.8(C). 
We have also used Method II to assemble structures consisting solely of 
microthreads and silica microbeads. Figure 4.9 shows a microbraid composed of three 
microthreads with circular cross sections. To create such threads, fabrication must be 
carried out normal to the sample surface. However, threads created in this manner are 
generally relatively stiff. This effect is due to the elongation of the voxel in the 
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direction normal to the sample surface and possibly also to optical waveguiding in 
microthreads as they are fabricated. Due to the inflexible nature of these rope-like 
microthreads, they do not work well for braiding. To overcome this problem, prior to 
fabrication we added 10 wt% of diethanolamine to the photoresist to tie up some of 
the acrylate groups via Michael addition [44, 45]. This process decreases the amount 
of crosslinking among the acrylate groups during photopolymerization, resulting in a 
more elastic polymer that yields flexible microthreads. 
To construct a microbraid, three flexible microthreads were created and the 
polymeric ends were attached to the acrylate-functionalized surface. The silica 
microbeads were then optically trapped one by one, and were manipulated around one 
another to construct a microbraid. Once the braiding was completed, the beads were 
attached to the acrylate-functionalized surface with MAP so as to maintain the overall 
structure during the development process. 
 
 
Figure 4.9 Microthreads created with MAP and braided using optical tweezers. 
 
4.3.4 Biomolecular materials 
To establish the versatility of MBS as a water-soluble radical photoinitiator, its 
use was extended to multiphoton fabrication with biomolecular materials. Figure 4.10 
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shows a maze and a pyramid that were fabricated using BSA and 10 mM MBS. While 
microstructures of this nature have been fabricated previously by other groups using 
photosensitizers [34, 35, 37]. to our knowledge ours is the first demonstration of the 
use of a water-soluble radical photoinitiator for this process. Unlike the 
photosensitizers that have been typically used to crosslink biomolecular materials, 
when exposed to light, MBS decomposes into small fragments that can more easily be 
washed away during the development process. The resultant photofragments absorb 
light at considerably shorter wavelengths than the parent molecule, reducing any  
 
Figure 4.10 (A) Maze and (B) pyramid created by radical crosslinking of BSA. 
 
residual photoactivity. These features, along with the relatively low cost of MBS 
when compared to purely biocompatible photosensitizers such as flavin adenine 




In Figure 4.11 we show cross-sectional fluorescence images of a structure 
created by microweaving of threads created with the acrylic photoresist and threads 
created with the biophotoresist. To carry out microweaving, free-standing posts were 
first fabricated on an acrylate-functionalized coverslip. These posts were fabricated 
along the edges of a 50 μm × 50 μm square to serve as tethering points for the 
microthreads. First, an acrylate monomer solution containing Rhodamine B base was 
introduced into the sample. A 50 μm acrylic microthread was fabricated from a 
microbead in the direction normal to the sample surface and the ends of the 
microthread were positioned and fixed onto posts that were on opposing edges of the 
square. Rigid microthreads were fabricated so that they would maintain their structure 
during the development process. Two more microthreads were then fabricated and 
fixed parallel to the first. The sample was developed in ethanol and then immersed in 
a 20 vol% solution of diethanolamine in ethanol for 15 minutes to react with any 
unreacted acrylate groups so as to prevent the BSA microthreads from attaching to the 
acrylic microthreads during the weaving process. The sample was developed in 
ethanol and hexanes before the biophotoresist was introduced to the sample to carry 
out weaving. 65-μm-long, flexible BSA microthreads attached to silica microbeads 
were fabricated parallel to the sample surface. The weaving process was carried out 
by optical trapping of the silica microbeads. Both ends of the flexible microthreads 
were then fixed onto posts on opposing ends of the 50 μm × 50 μm square. Once 
multiple flexible threads were woven, fluorescence images were collected by 
scanning the laser beam over the entire sample. As Figure 4.11 shows, the rigid 
microthreads with Rhodamine B base appear brighter than the BSA microthreads, 
which contain no fluorescent agent. Also, alternating junctions between microthreads 
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show brighter fluorescence, which reveals the weaving pattern as each alternating 
junction has a fluorescent acrylic microthread woven below the non-fluorescent BSA 
microthread and therefore in the same plane as detected by the photodiode.  
 
 
Figure 4.11 Background-subtracted, cross-sectional two-photon fluorescence intensity 
image of microwoven threads of acrylic polymer (vertical) and BSA (horizontal). The 
focal plane is on the top edge of the woven structure so that the junctions in which the 
dye-infused acrylic threads pass over the BSA threads are brighter than the junctions 
in which they pass under the BSA threads. 
 
4.4 Conclusions 
By combining MAP and optical tweezers, we have developed a suite of simple 
techniques that allow for precise control over the fabrication, manipulation, and 
positioning of microstructures in aqueous media. We have demonstrated the 
versatility of MBS for the photocrosslinking of acrylic monomers and proteins in 
aqueous solution. These materials and techniques open the door to employing 
fabrication methods, such as microbraiding and microweaving, that are not possible 
using other direct-write methods. The new capabilities afforded by the combination of 
MAP and optical tweezers will have many microsystems applications in chemical and 
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Chapter 5: Reactive-Ion-Etched Nanograss Fabricated 





A superhydrophobic surface is one with a contact angle (CA) larger than 150° 
for a water droplet, as shown in Figures 5.1(a) and (b). Two of the most well-known 
examples of natural superhydrophobic surfaces are lotus leaves and a butterfly wings. 
The mystery of their superhydrophobicity has been unraveled since the development 
of SEM. Figure 5.1(c) illustrates the multiple rough, raised points on the lotus leaf, 
and Figure 5.1(d) shows the complex microstructure of a butterfly’s wing. The current 
consensus is that the combination of roughness and a low surface-free-energy material 
provides a superhydrophobic surface with a large CA. However, low surface free 
energy is not necessary to build up superhydrophobic structures, whereas the 
hierarchical roughness is required for the superhydrophobicity. Based on these facts, 
many artificial, biomimetic superhydrophobic materials have been fabricated [1-8], 




Figure 5.1. (a) An SEM image of a lotus leaf. The inset is a water droplet on the leaf. 
Its CA is 162° [9]. (b) An SEM image of etched steel treated with fluoroalkylsilane; 
this surface exhibits superhydrophobicity [9]. (c) An SEM image of the rough 
projections on the lotus leaf [9]. (d)  The  microstructure of a butterfly’s wing [10]. 
 
 Superhydrophobic coatings are useful for improving safety as well as 
efficiency for industrial applications, and also for extending equipment lifetime. 
Superhydrophobic materials have drawn significant attention for various applications, 
such as preventing the corrosion of bridges, pipes and ships. They are used to make 
surfaces self-cleaning [11], anti-icing [12], anti-fouling [13], anti-condensing [14], 
anti-friction [15] and anti-clotting [16]. They are also used for the applications such as 
mildew and mold resistance [17], sealants [18], electronics [19], and evaporative 





Figure 5.2. (a) and (b) A superhydrophobic anti-icing coating in a freezing rain. (a) 
The uncoated side of an aluminum plate is completely covered by ice. (b) The coated 
side of the aluminum plate has little ice [21]. (c) and (d) A 4” square steel plate on 
Day 1 and Day 60. The right side of the plate is uncoated, while the left side was 
treated with a modified SH coating [22]. 
 
Various techniques have had great success in creating rough surfaces that are 
superhydrophobic. These techniques include electrochemical deposition [23–26], 
plasma etching [27–30], hydrothermal reaction [31–34], crystallization control [35–
37], self-assembly [38–42], sol-gel fabrication [43–47], and lithography [2]. Man-
made superhydrophobic materials have some additional properties that natural 
materials do not, such as reversibility [49–51], transparency [52], tunability [28], 
electrowetability [53], conductivity [25], and high adhesion [54].  
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We have developed a new method to fabricate hydrophobic/superhydrophobic 
surfaces from acrylic polymers using MAP/UV exposure and reactive-ion etching 
(RIE). This technique is simple and quick, and can be applied to a large variety of 
photoresists. MAP-fabricated and UV-cured photoresists are treated with RIE for 10 
minutes, to attain a hydrophobic surface. This method has some unique advantages. 
1. The use of MAP allows for the fabrication of complex micro-scale 
hydrophobic patterns and arbitrary three-dimensional hydrophobic 
microstructures on many types of substrates, such as glass, polymers, and 
plastics. 
2. Hydrophobic and hydrophilic patterns can be achieved on a single substrate 
using two different paths. One path is to fabricate desired patterns, treat them 
with RIE, and selectively functionalize either the microstructure or the 
substrate to obtain a hydrophobic pattern on a hydrophilic substrate (or vice 
versa). The other path is to etch the MAP-fabricated structure to obtain a 
hydrophobic pattern. Another layer of micro-structure can be created on top of 
this pattern using MAP, and then functionalized to achieve hydrophilicity. 
3. MAP, as a mask-free fabrication technique, enables free design and requires a 
relatively small instrumental investment (as discussed in Chapter 1), which 
adds versatility and enables low-cost superhydrophobic material fabrication.  
4. Molding can extend this approach to large scale structures, while MAP 
requires significant time to create patterns over large area. Molding and 
replication can be implemented to enable the mass production and improve 
efficiency.  
In the ensuing sections of this chapter, preliminary results will be presented. 
Future work is discussed in Chapter 6. 
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5.2 Experiments and Results 
5.2.1 RIE-treated MAP-fabricated acrylic film 
The MAP setup and sample preparation have been discussed in Chapters 1 and 
2, and thus will not be detailed here. In RIE, plasma is generated inside a parallel-
plate reactor. The two plates are electrodes that accelerate the ions towards the sample. 
The plasma contains ions that perform isotropic physical etching, as well as activated 
neutrals that enhance the chemical reaction. In our process, the gas used for RIE 
contained O2 (5 sccm) and CHF3 (15 sccm). The radio frequency (RF) power used to 
generate the plasma was 150 W, the pressure was 50 mTorr and the etch time was 10 
minutes. Originally, we etched a MAP-fabricated acrylic waveguide using RIE with 
the goal of changing its height. Instead of reduced height, we observed the formation 
of a nanograss, as shown in Figure 5.3. 
 
Figure 5.3. An acrylic waveguide fabricated using MAP was etched for 10 min with 
RIE, forming this nanograss.  
 
To understand the mechanism of nanograss formation, different fabrication 
velocities were used to create the acrylic films. MAP fabrication is a point-by-point 
technique. To figure out whether the nanograsses are related to the basic building 
blocks in MAP (voxels), UV-cured polymeric films were also treated with RIE and 
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examined using SEM. Different etch angles were used to investigate the interplay 
between microscopic polymer anisotropy and the nanograss structure. 
 
5.2.2 Velocity of MAP  
During MAP fabrication, the exposure time can be adjusted by changing the 
fabrication velocity. A longer exposure time activates more photoinitiator, thereby 
generating a higher density of radicals. The polymer will therefore have a higher 
crosslinking ratio at higher exposures. The higher the cross-linking within a polymer, 
the more resistant that polymer is to the etching, all other things being equal.  In our 
experiments, we kept the laser intensity constant at 6 mW at the sample and compared 
different velocities: high speed (50 μm/sec), medium speed (10 μm/sec, which is our 
typical fabrication speed) and low speed (2 μm/sec). The acrylic resin was composed 
of 54 wt% dipentaerythritol pentaacrylate (Sartomer) and 43 wt% tris (2-hydroxy 
ethyl) isocyanurate triacrylate (Sartomer), with 3 wt% Lucirin TPO-L (BASF) as the 
photoinitiator. The resultant patterns were etched for 10 minutes, using the same 
conditions as in section 5.2.1. The SEM images of nanograss obtained using these 
speeds are shown in Figures 5.4, 5.5 and 5.6. 
Compared to the medium speed sample (in Figure 5.5), the high-speed sample 
(Figure 5.4) has a lower density of nanograss, and the size of each nanograss “blade” 




Figure 5.4. (a) - (d) SEM images of RIE-treated MAP (high speed)-fabricated acrylic 
film. (a) and (b) SEM images of the top of the nanograss; (c) and (d) SEM images of 
the side-walls. 
 
The medium-speed nanograss (Figure 5.5) has larger and more dense blades 
compared to the high-speed sample. The nanograss blades tend to aggregate to form 
clusters. The top surface of the nanograss is grainy and rough, which makes it a good 




Figure 5.5. (a) - (d) SEM images of a MAP-fabricated thin film after RIE. (a) Top-
view and (b) - (d) side-views. Each blade of nanograss has a detailed structure, with a 
rough, grainy surface. The magnification increases from (b) to (d). 
 
 As shown in Figure 5.6, the nanograss fabricated using low-speed MAP has 
blades with big “heads” that connect to one another. The nanograss in this sample has 





Figure 5.6. (a) - (d) SEM images of RIE-treated MAP (low speed)-fabricated acrylic 
structures; (a) - (c) a thin film; (d) a single line. 
 
5.2.3 RIE-treated UV-cured acrylic films 
To determine whether the nanograss morphology is related to voxels, we 
compared etching of substrates created with MAP and UV curing. The MAP-
fabricated nanograsses were discussed in section 5.2.2. For UV curing studies, the 
acrylic resin was spin-coated on a glass slide and then cured by 365 nm light for 2 
min. The resin composition and etch conditions were the same as those used in 
section 5.2.1. In the SEM images of UV-cured sample (Figure 5.7), the density and 
the dimensions of nanograss blades are similar to those in the high-speed MAP 
sample, which means that these two samples have a similar crosslinking ratio and a 
similar resistance to RIE. The inset of Figure 5.7(b) shows the water CA on the RIE-
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treated, UV-cured film. As the UV-cured sample also shows nanograss characteristics, 
the formation of nanograss is not related to the existence of voxels. The properties of 
nanograss are, however, affected by the strength of the polymer framework. We 
expect that longer UV exposure will lead to denser nanograsses. 
 
Figure 5.7. (a) and (d) SEM images of a UV-cured thin film after RIE. The 
magnification increases from (a) to (d). (b) has an inset showing the hydrophobicity 
(CA = 125°) of the nanograss. The UV-cured nanograss has a lower density and 









5.2.4 Tilted RIE 
If the framework of the acrylic polymer is isotropic, the direction of etching 
should not affect the growth of nanograss. Thus, we tilted the sample to attain a 45° 
etch angle relative to the substrate. In Figure 5.8, we show a MAP-fabricated acrylic 
structure etched at an angle of 45°. This sample exhibits etch traces instead of 
nanograss. The traces are found on the top surface as well as on the side walls. The 
traces have a smaller dimension and a higher density than the nanograss. Thus, the 
etch angle indeed affects the growth of nanograsses. A UV-cured pattern was etched 
with the angle of 45° and the result is illustrated in Figure 5.9. The tilted UV-cured 
sample also shows etch traces instead of nanograss. As shown in section 5.2.3, the 
formation of nanograss does not rely on the MAP voxels, because both the MAP-
fabricated and UV-cured samples obtained the nanograss pattern after RIE. However, 
the formation of nanograss in both MAP-fabricated and UV-cured samples depends 
on the etch angle. The mechanism of the formation of nanograss and etch traces is 





Figure 5.8. (a) A tilted, RIE-treated, MAP-fabricated waveguide (cross section 2 μm 
by 2 μm); (b) - (d) The same sample at higher magnification. 
 
 







Figure 5.10 gives a comprehensive comparison of MAP-fabricated and UV-
cured nanograsses with RIE angles of 90° and 45°, and also different speeds of MAP 
fabrication. Our findings from the work detailed in this chapter suggest that: 
1. In MAP, lower fabrication speeds (longer exposure times) give rise to a higher 
crosslinking ratio, lead to denser nanograsses with thicker blades. 
2. The RIE-treated, UV-cured polymer structure also exhibits nanograss, which 
indicates that the nanograss does not originate from voxels. 





Figure 5.10. (a) RIE-treated, MAP-fabricated (medium speed) nanograss; (b) RIE-
treated UV-cured (2 min) nanograss; (c) RIE-treated (tilted 45°) MAP-fabricated 
(medium speed) nanograss; (d) RIE- treated (tilted 45°) UV-cured (2 min) nanograss; 
(e) RIE-treated MAP-fabricated (high speed) nanograss; (f) RIE-treated MAP-
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In recent years, a range of micro/nano fabrication methods have been 
developed and used to create nano- and micro-sized functional devices. Among these 
techniques, MAP stands out for its high resolution, ease of design and ability to create 
arbitrary 3-D microstructures. 
In Chapter 2, we showed that by making use of the dependence of the 
coupling coefficient on the coupling gap sizes, optimized DRRs could be fabricated. 
Using the chosen parameters, pedestal DRRs with wide (> 30 nm) FSR and large 
isolation were directly fabricated using MAP. Their spectral properties were in good 
agreement with the simulation results. Thermal reflow and new materials are currently 
under study for improving device performance further. 
In the third chapter, we demonstrated that μRR devices fabricated on a PDMS 
substrate offer a simple means of mapping the spatial dependence of the coupling on 
the polished face of an SPF.  Coupling measurements made in this manner are non-
destructive and highly reproducible.  The resolution of the mapping depends on the 
length of the coupling region of the μRR device, which can be matched to the 
coupling length of whatever device is ultimately intended to be coupled to the SPF.  It 
is also possible to fabricate a set of μRR devices with a range of coupling lengths on a 
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single PDMS substrate so that mapping can be performed at any desired resolution. 
We have also demonstrated that spectrum of a μRR device that has been fabricated on 
a PDMS substrate and is brought into contact with an SPF is sensitive to pressure.  
This phenomenon could lend itself to the development of new sensors.  The fact that 
the resonances of the device shift with increasing pressure could also be employed as 
a tuning mechanism. 
In Chapter 4, we combine MAP and optical tweezers to develop a suite of 
simple techniques that allow for precise control over the fabrication, manipulation, 
and positioning of microstructures in aqueous media. We have demonstrated the 
versatility of MBS for the photocrosslinking of acrylic monomers and proteins in 
aqueous solution. These materials and techniques open the door to employing 
fabrication methods, such as microbraiding and microweaving that are not possible 
using other direct-write methods. The new capabilities afforded by the combination of 
MAP and optical tweezers will have many microsystems applications in chemical and 
biological sciences and engineering, and beyond. 
The fifth chapter focused on the development of a hydrophobic nanograss 
material obtained by etching the MAP-fabricated and UV-cured acrylic patterns. The 
comparison of MAP-fabricated and UV-cured nanograsses indicated that the 
nanograss pattern does not originate from MAP voxels. In MAP, a lower fabrication 
speed (longer exposure time), which gives rise to a higher crosslinking ratio, leads to 
denser nanograsses. This phenomenon illustrates that lower fabrication speed creates 
stronger polymer framework, which exhibits higher resistance to RIE. The acrylic 
patterns were etched at 90° and 45°. Tilted etching (45°) caused only etch traces but 




6.2 Future work 
6.2.1 On-chip optical devices 
The second chapter discussed DRRs with expanded FSR and isolation of 
approximately -15 dB. To improve the finesse and isolation, the propagation loss 
inside the waveguides needs to be reduced. One approach to reduce the loss is using 
PDMS, instead of the acrylic resin, to fabricate the platform of the pedestal 
waveguide, as shown in Figure 6.1(a). This design will further enhance the mode 
confinement and decrease the mode leakage into the substrate. Preliminary SEM 
results are shown in Figure 6.1(b) and (c), where the acrylic waveguide were 
fabricated on top of the PDMS platform. 
 
 
Figure 6.1. (a) Pedestal structure with PDMS platform. (b) and (c) are SEM images of 
acrylic waveguide sitting on the PDMS platform. 
 
Another approach to improve the DRR performance is to explore novel 
materials with an even higher refractive index.  We have demonstrated fabrication 
with commercially available, UV-curable optical adhesive NOA61. NOA61 has a 
relatively high refractive index (1.54 at 1550 nm), contributing to reduced 
propagation and bending loss.  Compared with our acrylic resin, NOA61 also obtains 
a much higher temperature coefficient of its refractive index (2x10
-4
/K) than our usual 
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materials, which enables the application for thermal-optic tuning [33]. Thus NOA61 
is a good candidate for active resonator devices. 
 
 
Figure 6.2. The refractive index of NOA 61 vs. wavelength and temperature. 
 
As shown in Figure 6.3(a) and (c), waveguides made from NOA61 have 
rougher surfaces than the ones fabricated from acrylic resin, perhaps because the 
NOA61 has a higher refractive index and therefore leads to smaller voxel dimension. 
To achieve the same smoothness, either higher power or a closer spacing between 
points during fabrication is required. The high-index material already performs 
comparably to our usual materials, and once we have determined the appropriate 
fabrication and thermal-reflow parameters we expect to be able to achieve 
substantially improved performance. 
Higher refractive index 
1.54@1550nm           






Figure 6.3. The NOA61 serial DRR in (a) has a drop port spectrum shown in (b). 
SEM image and drop-port spectrum of DRRs made from acrylic resin (SR368 and 
SR499) are shown in (c) and (d). 
 
6.2.2 Side-polished optical fibers 
We have showed in Chapter 3 that contacting a resonator to an SPF can be 
used to map the polished surface and sense the pressure. The next aim is to integrate 
the SPF with the polymeric resonator to form a functional, portable, single-piece 
device. This device can be used to introduce spectral notches in the fiber output or to 
drop out selected channels. To fabricate this device, the best coupling region on the 
SPF needs to be determined first, and then the resonator must be aligned with the fiber. 
To integrate the SPF with the resonator, a holder must be installed. The design of this 
holder is in progress. 
In the future, an SPF-based modulator can be created if we choose a 
photoresist with a higher refractive index temperature coefficient or with electro 
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optical properties, such that temperature or electric field can be applied to tune the 
resonance peaks. Moreover, we have demonstrated the ability to fabricate DRRs with 
a FSR as high as 33 nm and isolation of approximately -15 dB. If the DRRs are 
coupled to an SPF instead of single microring resonators, only one channel will be 
dropped out in the entire C-band (1530 nm - 1560 nm). Combining the tunable 
photoresist and DRRs, a powerful modulator can be created with the capability of 
tuning a single channel from 1530 nm to 1565 nm. 
 
6.2.3 MAP in aqueous system 
As shown in Chapter 4, MAP and OTs can be combined in an aqueous 
photoresist to fabricate, manipulate and immobilize the complex micro-structures. As 
a next step, we can fabricate movable structures, such as micro-rotors or micro-pumps, 
in the aqueous medium inside a microfluidic channel. Optically driven rotation or 
pumping can be performed without changing the solution. Another future direction 
will be to use this toolbox to fabricate and manipulate the biomaterials, such as 
proteins and DNA. 
 
6.2.4 Nanograss and superhydrophobicity 
I have shown some preliminary results of hydrophobic nanograss materials in 
Chapter 5. However, further roughing and functionalization of the nanograss patterns 
is required to achieve superhydrophobicity.  
To roughen the nanograss, the etch conditions, such as gas composition, 
pressure and etch time, require optimization. The optimal fabrication power and 
velocity need to be chosen. My preliminary studies indicate that a velocity of 10 
μm/sec and an intensity of 5 mW (at the sample) give the roughest surface. 
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Functionalization can be carried out to reduce the surface free energy during 
or after RIE. In the process of RIE, the gas mixture, which contains a larger 
percentage of a fluoride-based compound (CF4, CHF3, SF6), leads to an etched surface 
with a lower surface free energy. Different etch gas compositions give different 
hydrophobicity. After RIE, the sample can be treated with fluoride-based chemicals to 
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